We isolated a fungal strain HS-1 utilizing either ethylene glycol dibenzoate or ethyl benzoate as sole source of carbon and energy, and identified it as Aspergillus nomius, based on morphological and rDNA analyses. An enzyme hydrolyzing the esters was purified from the culture supernatant of the strain to an electrophoretically homogeneous state. The enzyme was a carboxyl esterase with a monomeric structure, of which the molecular mass was about 60 000, and inhibited by phenylmethylsulfonyl fluoride. The enzyme hydrolyzed various benzoate esters and p-nitrophenyl esters, and its hydrolysis rates for the most favorable substrates, n-butyl benzoate and p-nitrophenyl valerate, were comparable.
Introduction
Esterase and lipase, which catalyze the hydrolysis and transesteri¢cation of ester bonds, generally have broad substrate speci¢city and act on a variety of natural and xenobiotic substrates [1^3] . Ester bonds are a structure feature in a large number of industrially manufactured organic compounds such as polymers, solvents, medical products, and pesticides. With environmental concerns rising, many researchers are studying microbial and enzymatic methods to degrade the compounds [4^14] .
Ethylene glycol dibenzoate (EGDB) is used as a model compound for chemical synthesis and biodegradation by microorganisms of polyethylene terephthalate [6, 15, 16] . We screened microorganisms using the model compound as the sole source of carbon and energy, and selected a fungal strain HS-1, which was identi¢ed as Aspergillus nomius. It has been demonstrated that microbial carboxyl esterases are involved in the catabolism of aryl esters [71 4,17] . However, there are only a few reports on the detailed molecular and catalytic properties of the enzymes ; for example, esterases catalyzing the hydrolysis of phthalate esters from Nocardia erythropolis and Micrococcus sp. [7, 13] and that of benzyl esters from Acinetobacter sp. [17] . This report describes the isolation of A. nomius HS-1 degrading EGDB and ethyl benzoate from a soil sample, and puri¢cation and characterization of an extracellular esterase from the strain.
Materials and methods

Materials
Butyl-Toyopearl 650M was purchased from Tosho (Tokyo, Japan). POROS HQ and HP2 were from PerSeptive Biosystems (MA, USA). HiLoad 16/60 Superdex 200 pg column and molecular mass (MW) markers for gel ¢ltra-tion were from Amersham Bioscience Japan (Tokyo, Japan). MW markers for sodium dodecyl sulfate^polyacryl-amide gel electrophoresis (SDS^PAGE) were from BioRad Laboratories (Richmond, CA, USA). All other chemicals were of analytical grade.
Preparation of EGDB
Benzoate anhydride (0.22 mol) was resolved in 20 ml pyridine containing ethylene glycol (0.10 mol). The reaction mixture was stirred at room temperature overnight, and 100 ml of distilled water was added to terminate the reaction. The mixture was evaporated at 80 ‡C to remove pyridine, followed by addition of distilled water saturated with NaHCO 3 . Product was extracted with ethyl acetate, evaporated, and re-crystallized with ethanol. The structure was ascertained with 1 H nuclear magnetic resonance (NMR) spectra measured with a JEOL JMM-GX 200 Fourier transfer NMR spectrometer (Tokyo, Japan) (data not shown). SO 4 , and 0.1 g NaCl per liter of water. Soil samples were suspended in sterilized water and spread on MM containing 1 mg ml 31 EGDB and 20 mg ml 31 agar. After incubation at 37 ‡C for 4 days, large colonies were selected. The microorganisms selected were incubated at 37 ‡C, 200 rpm for 3 days in 5 ml of MM, to which 50 Wl of 100 mg ml 31 EGDB solution in dimethyl sulfoxide had been added. The culture was brought to 50% methanol concentration and ¢ltrated with a Cosmo ¢lter (Nacalai Tesque, Kyoto, Japan). High-performance liquid chromatography (HPLC) analysis of the ¢ltrate was done using Cosmosil packed column 5C 18 -MS (4.6U250 nm, Nacalai Tesque) in a Shimadzu LC-9A apparatus (Kyoto, Japan) at 40 ‡C. The solvent system was composed of H 2 O, methanol, and acetic acid (20:80:1). The £ow rate was 1.0 ml min 31 and elution was monitored at 270 nm with a Shimadzu SPD-6AV apparatus (Kyoto, Japan). Characterization of a strain selected was done by NCIMB Japan Co. Ltd. (Shimizu, Japan).
Isolation of microorganisms hydrolyzing EGDB
Enzyme and protein assay
When either benzoate ester and a related compound was used as a substrate, a reaction mixture containing 50 mM phosphate bu¡er, pH 7.0, 2.0 mM substrate, and enzyme in a ¢nal volume of 0.5 ml was incubated at 37 ‡C for 15 min and 60 min. The reaction mixture was brought to 50% methanol concentration, followed by ¢ltration and HPLC analysis as described above. When either p-nitrophenyl ester was used as a substrate, a reaction mixture containing 50 mM phosphate bu¡er, pH 7.5, 1.0 mM substrate, and enzyme in a ¢nal volume of 1.0 ml was incubated at 37 ‡C. Absorbance change at 405 nm was monitored with a Shimadzu UV-160 spectrophotometer (Kyoto, Japan). One unit of esterase activity was de¢ned as 1 Wmol of benzoate or p-nitrophenol liberated from the substrate per minute per ml of reaction mixture. Protein concentration was measured with Coomassie brilliant blue protein assay reagent (Pierce, Rockford, IL, USA) using bovine serum albumin as the standard.
Puri¢cation
A. nomius HS-1 was incubated at 37 ‡C, 200 rpm for 4 days in MM containing 1 mg ml 31 EGDB. During puri¢cation, enzyme activity for ethyl benzoate was followed. The culture supernatant was brought to 30% (NH 4 ) 2 SO 4 saturation and put on a butyl-Toyopearl M-650 column equilibrated with 10 mM phosphate bu¡er, pH 7.0, containing 30% saturated (NH 4 ) 2 SO 4 . After the column was washed with the equilibration bu¡er, the enzyme was eluted with 10 mM phosphate bu¡er, pH 7.0, containing 15% saturated (NH 4 ) 2 SO 4 . The active fractions were pooled and exhaustively dialyzed against 10 mM phosphate bu¡er, pH 7.0. The dialysate was applied on a PO-ROS HQ column equilibrated with 10 mM phosphate bu¡er, pH 7.0. The column was washed with the equilibration bu¡er, and treated with a linear gradient of 01 00 mM NaCl in 10 mM phosphate bu¡er, pH 7.0. The active fractions were pooled, brought to 30% (NH 4 ) 2 SO 4 saturation, and applied to a POROS HP2 column equilibrated with 10 mM phosphate bu¡er, pH 7.0, containing 30% saturated (NH 4 ) 2 SO 4 . After the column was washed with the equilibration bu¡er, the enzyme was eluted by a linear gradient of 30^0% (NH 4 ) 2 SO 4 -saturated 10 mM phosphate bu¡er, pH 7.0. The active fractions were desalted with a PM-10 column (Amersham Bioscience Japan).
Molecular mass and isoelectric point estimation
SDS^PAGE was done in a precast 8^16% gradient gel, a The enzyme activity at pH 7.0, 37 ‡C for ethyl benzoate was assayed as described in Section 2.
as described by Laemmli [18] . 
Results and discussion
Three fungi growing in MM containing EGDB as the sole source of carbon and energy were selected. Fungal strain HS-1 showed the best growth and utility of EGDB among the three fungi; EGDB was completely used by strain HS-1 during 3-day culture, although benzoate production was not detected (Fig. 1) . Strain HS-1 could also grow in MM containing benzoate or ethyl benzoate, but not in MM containing ethylene glycol, diethyl terephthalate or diethyl phthalate. The culture supernatant of the strain hydrolyzed both ester bonds in EGDB and the ester bond in ethyl benzoate.
Morphological analyses of strain HS-1 showed that it belonged to Aspergillus sp. (data not shown). The nucleotide sequence (256 bp) in internal transcription spacer-5.8S rDNA and that (555 bp) in the 28S rDNA D1/D2 region of the strain were completely identical to those of A. nomius NRRL 13137.
An enzyme hydrolyzing ester bonds in EGDB and ethyl benzoate was puri¢ed from the culture supernatant of A. nomius HS-1, as summarized in Table 1 . The enzyme was puri¢ed 28-fold with a yield of 31%. The homogeneity of the puri¢ed enzyme was examined by SDS^PAGE under reducing conditions (Fig. 2) . The puri¢ed enzyme gave a single band at a protein corresponding to MW Fig. 1 . Degradation of EGDB by A. nomius HS-1. The strain was cultivated in MM containing 1 mg ml 31 EGDB and residual EGDB (b) and produced benzoate (8) were measured by HPLC as described in Section 2. Fig. 2 . SDS^PAGE of puri¢ed enzyme from A. nomius HS-1. 60 000. The MW and pI of the native enzyme were estimated to be 64 000 and 4.8, respectively. The results suggest that the enzyme is a monomeric, acid protein. The N-terminal amino acid sequence of the enzyme could not be determined, probably due to blocked N-terminal amino acid.
The optimum pH and temperature of the puri¢ed enzyme were pH 6.5^7.0 and 50 ‡C, respectively (Fig. 3) . After the puri¢ed enzyme was maintained at pH 4.01 0.0, 4 ‡C for 24 h, it showed above 80% activity between pH 4.0 and 9.0, as compared with that of the untreated enzyme. The enzyme was heat-labile : at pH 7.0, the enzyme lost 5 and 55% of its activity after 15-min incubation at 40 and 50 ‡C, respectively. EDTA, Ca 2þ , Mg 2þ , Co 2þ , Fe 3þ , and Zn 2þ did not a¡ect the enzyme activity. But phenylmethylsulfonyl £uoride completely inhibited it, suggesting that serine residues were involved in the enzyme activity.
The enzyme was active on n-butyl benzoate, ethyl 3-and 4-hydroxybenzoates, ethyl 3-and 4-methoxybenzoates, and p-nitrophenyl esters with C 2^C6 acyl chains as well as EGDB and ethyl benzoate ( Table 2) . On the other hand, the enzyme showed no activity for ethyl esters of 2-hydroxy-and 2-methoxybenzoates, phenyl acetate, and ferulate, and diethyl esters of terephthalate and phthalate. The substrate speci¢city and kinetic analyses suggest that the enzyme is a carboxyl esterase showing comparable activities for n-butyl benzoate and p-nitrophenol valerate (C 5 ), which were the best substrates among the benzoate esters and p-nitrophenol esters tested, respectively. The esterase secreted by A. nomius HS-1 hydrolyzes EGDB and ethyl benzoate, followed by incorporation and then mineralization of benzoate, whose pathway may be via protocatechuate and L-ketoadipate, as shown in many microorganisms [7, 8, 19] .
Regarding the p-nitrophenyl esters, the enzyme activity increased gradually with the increase of the carbon number of the fatty acid, but it dramatically declined when this exceeded C 6 . On the other hand, n-butyl benzoate was an approximately 10-fold better substrate than ethyl benzoate in terms of V max /K m . Furthermore, the ester bond in n-dodecyl benzoate and both ester bonds adjacent to benzoates in di-(ethylene glycol benzoate) terephthalate were slowly hydrolyzed (data not shown). Esters with relatively long alkyl chains or bulky aryl groups might be accessible to the enzyme, although those with bulky acyl groups were inert.
Esterase is one of the most important biocatalysts for the preparation of a wide range of selectively protected and enantiomerically pure compounds [1, 2] . 3-Hydroxy and 3-methoxy derivatives of ethyl benzoate were better substrates of A. nomius HS-1 esterase than the 4-hydroxy and 4-methoxy derivatives, respectively. The 2-derivatives were not substrates. Further work is in progress to apply the enzyme as a biocatalyst to the preparation of selectively protected and enantiomerically pure compounds.
